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Chapter 8

Universals of Belwvioral Development in Relation
to Brain Myelination

Melvin Konner

Introduction

Pedintrics, acurlogy, and psychiniry assume that key clements of norawl
psychalogical and behavioral development are understomd (Rudolph and Holl-
man, 1982, Cliap. 4; Adnms and Victor, 1981, Chap. 27, Nicholi, 1978, Chap.
23). In purt, these assumplions Torm the basis Tor clinical assessment and
treatment, inchuding reconwnendations aboul primary prevention that are staples
of pediatric amt psychiatric advice. Some presomed “lacts™ of caly develop
ment, however, wre based on minimal dato. For example, some clinicians belicve
thul inmnediate posinatal contact between mother and infant is essentint for
“mother infamt bonding'* (Klas and Kennell, 1976), but the evidence fin this
nssertion is ot best very weak (Svejdn ot al., 1982). Similarly, many Wesierny
clinicians belicve that infams sheuld cutgrow night-waking afier about 3 months
uf age and assune (hat this iransition rellects patterns of neurolugical maturation
{Spack, 1976). Tlaborate treatment programs may be instituted {0 cxtinguish
night-waking afier this time. Many of the wurld's cultures, however, consiler
night-waking 10 be normal and expectable until as late as 3 years of age and make
no altempt (o extinguish it al esrlier ages (Konner and Worthran, 1981)).

Recently, dotbt has even been easi on one of the most fundamental helicls
shout hunmn paycholegical developiment (Kagan el al, 1978; Kogan, 1984} A
substantial buddy of opinion holds that the importance of infancy has been grenly
exagyerated. Pespite much evidence from animal models showing lasting elfects
of early experience, decisive clinical evidence of comparable effects in humins
has been dilficidt to find. Early expericoce has not been clearly showa 1o have
lasting important, or even measurable, effects on the course of psychological
developient, This recent viewpoint, il true, st jeopmdize some of whal is
now commoen clinical practice in psychiatry and behavioral pediatrics,
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Cross-culturn! and cross-population studies of psychological development
have had, as a main pumpose, the demanstration of flexibiliy of the huomsan
psychalogical repenoire and, by inference, of the nnderlying neural ad cndu-_
crine functivns. Few studies have attempted to deiineate cubural universals of
development. Yet, il is increasingly recognized that much of psychological
development is inflexibic in the face of marked variation in environment of
rearing (c.g., Libl-Gibesfeldt, 1974a,b, 1983; Kagan, 1976, Konner, 1982;
Super, 1981). _

Developrental studies have also Jacked a clear delineation of the underlying
events of regional nevralogical andf neuroendocrine development. In past de-
cides, this lack was gencrally sltributed 1o the shsence of adequime studies of
steucture-Tunction relationships and of brain development itsetl, particularly in
humans, and, particularly, in (he late prenatal and early postnatal perinds. Receat
wark, huwever, has produced great advances in relevant fields, including neuro-
anatomy (e.g., Nauta and Domesick, 1980), ncurophysiology (Evarts, 1975,
Waxman, 1977, 1982), behavioral neurology (Heilman and Valenstein, 1979
Geschwind and Galaburda, 1985), neuroethology (Macl.can, 1978), and devel-
upmental neurology (Brody et al., 1984, Geschwind and Cialaburda, 1985; Gilles
ct al.. 1983: Yekovlev and Lecours, 1967). We now know (hal changes in brain
steucture and function during the fiest few years of posinatal Jife are rapid and
large. In the first year of Jife the brain more than doubles i volume, reaching
% of its adult size. Growth rate declines only gradually during the second yeur
(Yakavlev, 1962; Blinkov and Glezer, 1968). ‘This high rate of postatal vol-
umetric increase in brain lissue muy be unique 1o our specics among the higher
primates and has been viewed as one of the most distinclive advances of huimin
evolution (Gould, 197D,

In the course of this growth, profound siructural changes oceur in the nervous
system. Seine basic provesses are almost complete by birth. Most neurons, for
imstance, have already formed, and their cell badies have migrated 1o their
destined places. Other processes, however, praceed in extrauterine life: prolil-
cration of synapses, brunching of dendrites, changes in the density of dendritic
spines, changes in connectivity, proliferation of glial support cells through cell

division, and the formation of myclin sheaths sround axons in the white matter of

the central nervous system (Jacobson, 1978). These provesses invalve attendant
and/or underlying vewrochemical changes. They are influenced by expericnee,
but 1o 4 large extent proceed independently of experience. Each yedr a consider-
ahie literature increases our understanding of these developmentul events.
Advances in our knowledge of behavioral development have paralleled those
of neural development. Behavioral studics have become increasingly systeniatic
and precise in their methods of measurement and have tuken wdvantoge ol
nuslern computers o analyze large volumes of*behavioral Jata sn an unprece-
demedly sophisticated way (Osolsky, 1979; Ficld et al., 1981 Mussen, 1983),
Must behavioral studies, however, fail 10 consider neurological development.
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‘Fhe persistent $ag in incorpornting advances in neuroscience ino explanations
ot early psychological develuopent may result from the dilficidty of mastering
both the language of behavioral development aml ihat of newascience, as well as
from the reluctance of some students of hebavioral and psychological develop
ment 10 come to terms with the existence and nawre of fixed maturational
sequences. Such seguences have long been known and accepted tn the realm of
maotor developrent, and have become increasingly established in the reahin of
cognitive and social develupment.

This chapter reviews evidence for fixed sequences of behavioral und psycho-
Jogical development drawing en cross-cultural and cross-population studics
throughout the world, and refates (hese behavioral data (e brain developient i
infants and children. Based on these data, a mudel is proposed to account for
certain universals of psychological behuvioral development in infancy in terms ol
maturing brain function.

Assessment of Behavioral and Neuroanalomical Development

Assessment and Observation of Infant Belavior

During the 19605 and 19705, new methods of assessment led to rapid advances
in the study of infant behavior. Anthrupologists, cross-culloral psychologists,
pediatricians, and psychiatrists readily adopied these niethods and applicd them
o populations throughout the developing world. The result is a new budy of
knowledge pertaining to cross-cultural and cross-population maturational var-
tions and constancies. This chapler draws on data derived from several of these
ansessment methads including tests of neurological maturation, motor develop
ment, amd social development,

Nrewrological and Belavioril Assessment of Neonates. T'wo nevrologicat
assessiment technigues widely used in cross-coltural studies are the Prechil
procedure (Precht]l and Beintema, 1964, Beintema, 1968) and the Brazehon
Behavioral Assessment Scale (BNBAS: Brazelion, 1973).

The Prechtl procedure is rigidly standardized and controls for behavioral staie
of the infant, time since last fed, nonneurological health status, nge in days,
order of exumination, and other variables. The infant is numerically scored on
moere than {50 assessment iterns, including behavioral ohservations, color,
muscle tone, joint mobility, a wide varicty of specific sigos (e.g.. hiccups and
cough) and, in particular, a comprehensive array of newrological rellexes, both
normal {e.g., the Moro rellex elicited by three diflerent stimulus procedures) il
abnormad (e.g., Chvostek’s sign). The examination genernlly takes about an hour
andd requires some trnining to learn: ‘This procedure has satislactory interobserver
and test- vetest reliability if done afier 3 days of age with proper attention 1o st
variables.
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The Brazelton Neanatal Assessmenl Scale (BNBAS; Brazclton, 1973) consists
of 27 suhscales on which the inlant is scored from one to nine, with each level
defined in derail. ‘The subscales include suchi itemis as ‘alertness,”” *‘irri-
tability,” and **huml-to mouth facility.*” Despite the greater difficulty of obtain-
ing agreement an such measures, This scale has also proved to have satisfactory
interuhserver and test-retest validity after proper training.

Assessment of Motor Development.  Cross-cultural data on motor develup-
ment derive primarily Trom four tests: the Bayley scale of infam developiment
(Rayley, 1965, 1969), u similar test used in Britain {Griffiths, 1954), the Gesell
scales (Geseli and Amatruda, 1947; I(/mhlnch. 1958), and the McGraw scale
(McGraw, 1943). Bayley normns exist and have been validated for large samples
o buth the white and the hlack population in the Uniled Staics. The Griffiths test
has been less well validated, hut has been more frequently used throughout the

British cotonial network. The Gesell scales leave much (o he desired in terms of

standlardization but are acceptable for crude comparison. Although standardized
on much sinslles samples, the McGraw scale renders a more sophisticated
assessiment ol motor development than is possible with the other scales. Rather
than assessing broad developmental milestones, the McGraw scale follows the
gradual emiergence of specific motor skills such as silting or walking throughout
mtancy.

Observation and Assessment of Socid Development Systematic, timed ob-
servations with standardized setlings and clearly defined codes for the recording
of hehavior make reliable and valid measurements of social development possi-
ble. Mudern electronic recording equipnient snd computers make possible the
cullection and analysis of unprecedented volumes of helavioral duta, and remave
much of the suhjective even from categories of behavior sach as social interic-
tion. Some ilems of social behavior, such as smiling and crying, can be assessed
and recorded with as much or greater accuracy than neurological reflexes or
motur milestones.,

Such methods of obhservation and analysis hive bheen frequently reviewed
(c.g.. Whiting and Whiting, 1975; Cairns, 1974). la the typicat study a preset
sanmple of the infant’s time (usually 15-90 mia) is recorded in a predetermined
setting fe.g., with mother i nonfeeding interaction) and with a list ol belaviors
of estublished observationul relishility, Initinl state is usually defined as wlerd, not
hitngry, not irmitahle, and free of illness, among other constraints. In the best
sudics, repeated samples of the infant’s time minimize Iransient variation, and,
wleally, the urder ol vhservations is genersted from a random number table.
Analysis may include caleulation of frequency nnd duration of events, contingen-
vy of some events on uthers, lag sequence analysis designed 1o reveal complex
causal interaction chains, and other approaches.”

Cross-papulation comparisons using these methods of observation must care-
fully control for cultural variations in setting, response ta nbservalions, and other
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extrancous sources of variance. ln any case, these methods represent a preit
techmical improvement over the methads of (wo or three decides ago, and are
greatly supesior tu the methads of screening Tor socisl maluralion in common nse
in pediatric practice.

Specific tests of social responsiveness are numerous and varied. Three tesis
that have been applied cross-cultarally Tigure in the model of social development
presented here: Gewintz's test of the development of social smiling (Gewirts,
1965), tests ol the development of stranger reactions (Ricciuti, 1974, Konner,
1972; Chisholin, 1983), and Bretherton's and Ainsworth’s test for the inkun
attachment (1974}, Gerwinz's method appraises the development of social smil
ing in carly infancy by beginving with the infant in a quict alen state amd
presenting the face of a live, but impassive, adult in a face-o-lace juxtaposition
with that of the infani. The number of smiles seen in a period of | omin is
recorded. .

Ricciuti (1974), Konner (1972), Chisholm, (1983} and others appraise the
development of stranger reactions during the period after & months of age using
winor variations of the folfowing paradigin, The infam or wddter is siding near
the mother and is approached stowly, in a nonthreatening way, by a completely
unknown wdalt who often speaks in s designated manner intended o cvohe o
positive reaction. Specific behaviors both positive and negative are recordedd,
including, among others, smiling, approaching the stranger, gaze aversion with-
in 2 sce, withdrawing, and crying. Posilive responses are summed arithineticatly
ar weighted according 10 intensity of rexponse (e, more points for crying than
for gaze aversion), The sum provides a score for a given infant ot a given age m
response to this stimulus,

Bretherton and Ainsworth’s (1974) test fur the evaluation of attachment
involves o delined set ol behaviors of the infant toward the mother or other
primary carctaker in a novel situation, Briefly, the infant and mother are brought
inter a room with toys on the Nour, The infant is given 3 min e acclmatize 1o the
room, whereupon a stranger caters, chats with the mother, and interacts with the
infant for | min each. The mather then leaves the room far 3 min, ar unnl the
infunt cries for 30 sec. and retums for 3 min with the stranger absent. Sinnku
staged events, including leaving the infamt alone, follow Tor a total of cipht
episedes. The infant’s behavio is reconded according to a predeteminet s of
items, with #n emphasis on crying and other protest bebavior on mother’s
departure, and on behavior al reunion,

Myelination and Myelination Cycles

Myelin Stricture and Dunction. Myclin, appareatly lirst named by Viechow
in 1864, is 8 falty sheath that insulates a farge proportion of mammalisn nerve
fibers, both peripheral and central. This insudation is a space saving and encigy
clficient adaptation that provides (or rapid impulse comluction withaut necess)
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laling the great {iber size characteristic of rapidly condacting fibers in inverte-
brate nervous system.

‘The composition of myelin is grossly similar (o that of typical cell membranes,
bul with a higher ratio of lipid 10 protein and a larger praportion of glycilipids
relative to phospholipids and cholesterol. The proteing, embedded in the lipid
hifayer in a manaer conunon in olber plasima membranes, include, among others,
myelin basic protein, proleolipid protein, and glycoprotein and enzymes (Velers
el al., 1976; Raine, 1984a).

Muyelination Sequences in Development.  Since the introduction of the
Weigert stain in the late nineteenth century, myelin-stained sections of brain and
spinal cord have been a mainstay of neuroanpiomic rescarch nnd teaching. The
Weigert stain and its successors, the Loyez stain (Yakovlev, 1970) and the Luxol
fasi blue stain, are relatively easy 10 make and to intesprel. Thus they permit casy
visualization and tracing of liber pathways.

For example, the projection of oplic radiation from the lateral geniculate body
of the thalamus (o area 17 of the occipital cortex becomes stainable (acquires
myelin) during the immediale posinatal months in the humuon brain, making it
stand out at that time fromn the background of unstained (unmyeclinated) pathways
in most ather parts of the cortical radintions. The vivid stainnbility of the myclin
sheath together with the regionally specific timing of myelination made studies
ol Weigert-stained sections of fetal and young posinatal brains of various species
a mainstay of neuroanatomical tracing in the era when neural circuils were first
heing delincated.

In the peripheral nervous sysiem, myclin is the product of the Schwann cell,
while in the central nervous systemn it is produced by another glial cell type, the
oligodendrocyie. Under the light microscope, the developmental process of
myelination has several distinct phases (Yakovlev and Lecours, 1986; Gilles cf
al.. 1983). Some time alter the extension ol axions toward or, more likely, to
their sites of termination, marked ghal cell hyperplasia oceurs in the vicinity of
the axon. This process has been tenmed ““myelination gliosis™ by analogy
{technicully inappropriate} with gliosis that oceurs in the vicinity of injurcd
neurons. ‘The glial cells so genersted accumulate myelin lipid components
("*premyelin fipids'*) cytoplasmically before the actual appearance of myelin,
Fallowing myelination gliosis there are at lcast three recognizable phases of
myelination in approprigtely stained scctions: (1) myelin visible only micro
scapicalty, (2) miyelin visible to the naked cye, but Taintly in comparison (o the
ultimate or mature level, and (3) mature level of myelin density.

Although the progress from myelination gliosis to grossly visible myclin is
complete in a matter of weeks in most systens, the atininment of the mature tevel
ol densily may tuke months or even years in some sysiems. Ceniral nervous
system pathways, in panticular, myelinate at distinctly different times during
development, miwld despite some signilicant liming differences along the course of
i piven pathway (a cephalocaudal direction of myelin depositing scems to be a
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regulsr feature), there are greater timing differences between thin within piuth-
wihys.

Myclination as an Index of Regioond Brain Development. Originally, my-
elination studies fucused on the more central purpose of using immature brains (o
illuminate conhections. Lver since the pioneering work, ol Plechsig (19240,
however, myelination has heen used to illuminate developmental sequences and
attempts liave been made 10 correlate myelination and behavioral mawration.
‘These uitempls have engendered some controversy and criticisin because the
interrchationships between myelination, maturation, and behavior are not trans-
parenily ohvioas,

Encychopedic treatments of the developrent of the fuman coitex by Coneld
(1939-1967) and his successor, Rahinowicz (1979), however, have shown thal
various aspects of cortical devetoprent exhibit considerable synoplic growih:
¢.g., width of the cortex and s layers; number, size, and density of neuruns;
condition of intercellular components such as chramaphil substance and newo
fibrils; number and size of extrinsic (ibers; snd number, size, and form of
nearonal processes, including the density of **pedunculated bulbs® (now called
thorns or spines) on the dendrites. These data suggest the validity of myclination
sequences as a crude general index of regivnal hrain dcvclupmcul.. A 1ank
ordeting of the relalive maturity of a series of cortical regions al 4 given age
would be quite sinilar whiclicver of Conel's indices were used. Although
Conel's work has been criticized Tor methodulogical inadeguacies (Purpura and
Reascr, 1974), these inadequacics appear tu affect the materials he studied
uniformly, so that ut worst the 1iming, but not the sequence, of developmental
events may have been inaccurately desceibed. The consistency of rank order
should and does survive unilormly expressed difficulties of methd,

Experimental animal studies also demonstrate correlations between myclina-
tion scquences and other indices of regional hrain develupment. Numictoos
changes occur in cell bendies duving myelination of their axons. Fur instance,
quantities of cytoplasm and axoplasm increase in direct proportion to cach other
and changes occur in neuronal packing density, nuclear and mucleolar diameters,
and distribution of chromophil substance within the cell (Martinez, and Fricde,
1970). (n addition, the extent of myelination correlates with the growth of axan
dimmeter, so much so that axon dinmeter has heen proposed as the trigger o
myclination {Friede and Samorajski, 1967, Matthews, 1968), althougiy this view
miay be oversimplificd (Moore et al., 1976). It thus appears that myelination
sequences can serve provisionally as a crude index of regional brain develop
ment.

Muyelinalion and Nerve Punction. Whether myelination can serve as un
index of behavioral capabitity is a scparate issue. Early investigators thought thin
it conld (Filney and Casamujor, 1924; Windle ¢t al., 1934, Keene and Hewer,
1931, Langworthy, 1933). 1t is now clear, however, that myclination casmol be
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vomsidered ““an absolute index of behavioral capability™ (Angula y Gonzalee,
1929).

I huth rats and humans, neurological function begins before myelin appeirs.
In wnany species critical functions in the aduli, such as those of the avtonomic
nervous system, occur in pormally unmyelinated fibers. Many inverichriue
nervous systems function withoul myelin, and analomically specilic demyelina-
tion docs not invariably result in the expected loss of function in clinical
syndromes such as nuldtiple sclecosis. For these reasons, some modern authors
consider myelinalion sequences irmelevant to the development of behavior (e.p.
see Kinshoume and Hiscock, 1983, with special reference (o the role of myelina-
tion ol the cerebral commissures in the Jevelopment of lateralized hemispheric
function).

Such cautionary remarks have validity, but they represent only vne side of a
complex set of questions aboul the role of myelination in nerve function, On the

uther side are arrayed a large body of clidicat data from the sty of o variety ol

syndromes invelving demyelination ar delayed myelinntion, mounting evidence
from cxperimental animal models of demyelination and delayed myelination,
and theuretical and experimental considerations relating to membrane fuaction
with and without myelin, all of which support a significant, i impedfeat,
relativnship hetween myelination and function (Ritchie, 1984; Waxman, 1977,
1982).

Nerve fibers subjected to a pathological or experimentally induced loss of

niyelin share certain functional alierations. These include (1) decreased conduc-
tion velocity, (23 increased refraciory period, () more fregnent conduction
lailure, (4) temporal dispersion of impulses, (5) increased susceptibility to
inadverient clectrical modification by ncighboring axons, and (6) increased
susceplihility o mechanical, (hermal, and  other  exirancous  influences
{McDonald and Sears, 1970; Rasminsky and Scars, 1972; Ritchie, 1984, Wax-
man, 1977, 1982). These elfects are listed in Table 1, and some of the studies
demonstrating them are listed in Tuble 2.

In nddition, studies of remyelination have demonstrated convincing correla-
tions hetween reacquisition of myelin and reappearance of normal or approx-
imately normal conduction latency and refractory period in the remyclinating
{ibers {Smith, e1 al., 1981).

It is nut clear, however, that evidence aboul demyelination or remyelination,
even when consistent across dilferent clinical amd experimental models, can be
transferred to the normally unmyelinated condition. There may be abnormalities
of the membrane underlying damaged or discased myelin that do not charactenize
the membrane of developing not-yet-myelinated cells. The few existing studies
of functional consequences of lack of myelin in normal sysiems appear o
comoborate these findings, however. :

In the best study of this nature, Huttenlocher (1970} (ollowed the developing
cat pyramidal tract from 3 1o § weeks of postnatal life and found that severnl
functional capabilities precede myclination. The ability of the fiber o conduct
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Jable 1. Conscquences of Demyelination”

tncresscd conduction Lucncy (wp o W x)

Increased refiactiny period

lmpairment at higher frequencies
Conduction bloek pune likely
Temporal dispersion of impulses
Ephaptic communication (*"crosa-talk ™)
Temperature and mechanical seusitivity

From Ritchie (1984} aud Waxman (1977, 19K2).

Table 2. Comelates and Consequences at Myelination and Demyelination

Sneely

Maodel Sysient

Finding

Selected landmark studies

Huxley and
Stiimpthi {1949)

McDonald and
Scws (1970)

Rasminsky and
Sears (1972)

Rasminsky (19713}

Raminsky {1980}

Developmentul studies
Huttenlocher {1970)

Marinez and
Friede (197
Frecnim (1978)

Recovery studies
Smith et al. (1981)

Hostock et al.
vkl

Frog myclinated merve fiber

Cat dusal column,
diphthicria toxin
demyclination

Rat ventral root, diphtheria
toxin demychination

Rat veniral rool, dipbiberia
toxin demyclination

Dysteaphic amice, spinal
nerve noits

Cot pyramidal tract, 3 days
to § weeks

Rat sciatic nerve, 1--16
weeks

Cat optic ncrve, adull, no
treatimeat

Cat dorsal, column, sdult,
[.PC demyelination

Cat dorsal column, adull,
LI demyelination

First demuonstration of
sultatory conduction,
restriction of jon How 1
nade of Ranvier

Decreased combuction
velocity, increasal
refractory peawd, ngh
heguency block

Internoda) comduction Tune
wcreaseld fiame 200 ta (AR
psec

Exguisite tempeiatuse
serwsitivity (hlock with
nerease of 059

Viphaplic transmission
s lk ") anemg
single l1hers

Myclination makes tepetitive
firing possible

Multiple correlates in axon
umd celd growth

Myclin sheith ihckness
predicts conduction
latenvy in mature fibers

Hemyelination restoes
experimentally blvckedd
conduction

Comduction preceches
resyelimation due to
milad aggregation of Na'
¢haninels
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impulses under the stimulus of a high-frequency train, however, was absent
before myelination. Rates of repetitive firing as low as 40/sec resulied in
conduction block. Since rates of $0-100/sec have been shown to be involved in
the normal course of pyramidal tract function during voluntary contraction of
hand and forearm muscles in monkeys, the limitations of premyelinsted neurons
would have functional significance. Metabolic considerations support this inler-
pretation. The active membrane surfaces of unmyelinated axons is two o fuce
orders of magnitude greater than that of myelinated sxons. The energy expendi-
ture required to maintain the same rate of firing in the uninyelinated condition
would be formidable.

Lxperience Effects o Myelination. Alhwugh much is known shout the
cu:nls leading up 10 and associated with early myelination (Peters el al. 1976,
Raine, 1984a; Sidman and O'Gorman, 1981), there is nat yet a convincing
account of what causes it. Possibly, function not only precedes bul also causes
myell.naliun‘ This hypothesis is consistent with findings that experience or
exercise affect hrain developiment. Larly experience. for instance has dramatic
effects on the structure and function of neurons \n the visual contex of cats and
mnnl:u:ys (Wiesel and Hubel, 1965, l)e'Vay ¢t al., 198(). Although less drualic,
consistent effects have been demonstrated of environinental enrichment on the
thickness, neurunal density, dendritic branching complexity, dendritic spine
counts, synaptic density, acetylcholine level, cholinesterase activily level, and
gllin-lu-ncumn rativ in the cerebral conex of the rat {Globus el al., 1973;
Diamond et al., 1964, [985).

Studies of the effects of experience and exercise on myelination have nt been
45 Mumerous or impressive as these clussic studies, but they have shown a
muoderately consistent effect of experience, as indicated in Table 3 (Gyllenstcin
and Malmlors, 1963; Wendell-Smith, 1964; Kingsley et al., 1970; Moure el al.
1976, Sainmeck, 1975; Samwrajski and Rolsten, 1975; Tauber el al., 1980)?

Although these studies show that there is a significant effect of expericnce on
nyelination, these elfects are cither transient or, il permanent, relatively small -
on the order of 10-20%. The most severe procedures of stimulus deprivation,
such as rearing in darkness, tota) ocelusion of an eye, of scialic neureclomy, are
compatible with the eventual acquisition of normat myelin in the great majority
of fibers in the deprived nerves or tracts. This strongly sugpests an underlying
process whose timing is under genetic contiol.

A considerable liternsure supports this sugpestion. Among the infantile <is-
eascs of the cerebral white maiter at least six, known as dysmyelinating leuco.
dyslrnp'hil:s and resulting in specific retardation symbromes, have been shown 1y
have simple Mendelian inheritance patterns (Carler and Gold, 1974; Ruine
[984b; Traugolt and Raine, 1984). Clinical syndrames of specifically pcriphcmi
hypotyelination in infants suggest a genetic basis as well. ‘These syndromes are
characterized by global delays in motor development that are unresponsive to
T;n;r;;sc and consistent with the delay or sulticiency of myelination (Ono et al,,
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Table 3. Experienve Fffects on Myelination

Study Muodel System Finding
Giyllensten and Mice reared in darkness, 12% veduction in number of
Matiors bitth to WY days myelinated fibers in oplic nerve
(1963)
Wendell-Soith Mice, one eye occlded, “Visual impression™ of decreased
(1964} hinh 1 75 days sheath thickness in opic acive
Kingsley ct al. Rats, sciatic ncursctomy, 10 20% reduction in number ol
{197 hirih 0 21 days myelinated fibers in dorsal
funiculus
Sammeck Rats, swimming Z-4 “Considersble increase™ i
(1974 Wday, (rom mumbes uf mychinated nxons
“adolescence ™ for scialic nerve
1216 days
Samorajski and Mice, activity wheel No effect on postering tibial nerve
Rulsten running 2 4 Wday myelin despite fiber hypertiophy
(1975) from 3 10 24 months
Muoore et al. Cats rcared in darkness, No clieet on perceMage ol
(1976} birth to 4 weeks myclinated axons
Tauber et al. Rabbits, artificial cye Mychin-specific proteins disuble w
(1980} opening #t 5 days (vs. T dhays, but cqual gt 20 days
1} days)

Anpimal models have been more directly supportive of a primarily genetic
control of myelination, since they peemit deciphering some of the details of de
velopment control (Hogan and Greenfield, 1984, Carnow et al., 1984). Fuw
cxample, two mutants of the mouse affecting myclination—"*jimpy,’" an
X-linked inutation that causes severe CNS bypomyelination while sparing the
PNS, and “*quaking,”* an autosomal recessive allele an chromosome 17 causing
glubal hypomyelination- - have been studicd with respect W myelin basic priess
(MP'B) gene expression. Messenger RNA transcription iy normal in buth cases,
bui MPB-related translation producis are altered in the propmtions of difleren
molecular weight species that become particularly relevant at diflerent stages of
myelin synthesis {Carnow ctal., 1984). Such studies, carried out in paralle! with
continued ultrastructural examination ol the myelination process, should lead 1
n general churacterization ol the genetic conttol of myelination in (the not e
distant future.

Myelination, then, whether pre- or postnatal, must be considered o be a
genetically controlled pracess largely intrinsic W the growth and differentiation
of the brain. Its influence on developing behavior is likely to be large compared
with the reciprocal influence ol eaperience on myetination, although the laer s
cerninly significant, and munal interaction of bivlogy and experience must
always he considered to he the rule.

{uman Myelination Data. Paul Flechsig (1920) was the fust to provede
detailed descriptions of the sequence of myelination in homans, Hix reputation i
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closely associated with the mapping of the sequence of myclination within the
cerchral cortex. During the 19205 and 1930x, Flechsig's work inspired a number
of swudies directed toward comrelating inyelinalion sequences with the develap-
menl of behevioral capubility, particularly during fetsl development (Tilney and
Casamajor, 1924; Windle el al., 1934; Keene amd llewer, 1931; Langwaorthy,
1933).

In the mudem period, several investigations have expanded and conlirmed the
work of Flechsig. Yakovlev and Lecours (1967) studied a woinl of 200 brains,
ustensibly neurologically normal, ranging from curly gestation 1o late in the
senium. The unique value of their series is that all the brains were uniforinly
preserved, cut, and stained.' The brains were lixed with formalin, imbedded in
celloidin, and serially sectioned at 20-40 um. Every tenth section was then
strained according to the Loyez modilication of the Weigert hermatoxylin stain
tor myelin sheaths, and the adjacent section stained with the Hielschowsky-Plien
cresyl violet stain for cell bodies. (All details of method are given in Yakovicy,
{197(1) Yakaviev nnd Lecours (1967) then studied the myelin-stained seciions
with the light microscope using nenguantitative methods of description and
comparison. The essence of this method is the preservation of whole brain scrial
sections giving the opportunity 1o reconstruct the main elements of three-
dimensional brain anatomy, including all cirenitey distinguishable with the my-
clin sfain.’ \

Ruorke and Riggs (1969) conducted a study specifically directed to the perinatal
status of the brains ol infants of varying binthweight (Irom 740 to 3910 g)
represent a range of gestation lengths from quite premature o Tull-term, “The
entire sample consisted of (07 infants of which 23 were considered to be (ull-
term and normal sized. Death occurred within 7 days of binth (96% were cither
stilibom or Jied within 3 days), and was, in most cases, a result of hyaline
membrane disesse, pacumoniu, or pulmonary hemorthage. After celleidin:
cmbediling. a limited but eepresentative number of sections {around M) of cach
brain were taken al 20 um and stained with luxol fast blue and cresyl violel
according to the lechnique of Kliver-Barrera. As was the case in the Yakovley
and Lecours study, assesstient was made by careful visual inspection and
description rather than by morphometric or other yuantitative methods. These
authurs were the first to introduce the refincinent of recognizing and describing
individuul variation at a given uge. However, tor the ostensibly full-1erm normal-
sized infants, R7% of the specimens showed *‘essentially similar’® myelination,
with the other 13% showing lesser degrees of development.

Gilles et ul. (1983 see Table 4} conducied their study of myelination as part ol
the National Collnborative Periautal Project (NCPP) of the National Institute of
Neurological and Communicative Disorders and Strokes. They used 323 cases
from NCPP collection, mosi of which were Loye? stained (see above), ranging in
estimated age (rom 20 to 4K postconceplual weeks. They introduced a wumber of
refinements of method comnpared with prior investigators, First, they declined to

Tuble 4. Comparison of Several stimates of Ages ol Onset of Myclination in the
Honan Fetal Nervous System”

Gilles, et al. 1983 Yakolve and

(Microscopic Lecours Larroche Langwaorthy
Myelin) (197) {1960) (Vi)
Spinal cord
pi"usciculus gravilis < 20 — 24 pL}
Duotsal spimucere- < 0 — 26 0
hellur )
Spinothakmnic < W — 16 2
Brastem
Medial longitudinal < -22 24 20
fsciculus
Medial lemniscus 23 25 p] 26 18 28 and 36
Acoustic 21-24 0-24 244 i
Interior cerchellar 24 24 28
peduncle
Superion cerchellur 26 n » 28
peduncle
Corticaspinal A2-135 4]’:‘N 28-36 4 I'N
Transponting 15
MiddII: cerchetlar 35 R I'N I'N 4 PN
peduncle
Cerebellum
Parasagitinl N -- n
Hemispheral n I'N 40
Prosence phidon
Habenuluinteiped - I 18 u b}
uncular
Ansa lenticnlans i 24 26
Optic chiasm 12 -- n .
Uptic tract 29 36 n R
Optic cadiation -3 REREY) 1 -
Intermad capsule, R 16 0
purstcrior anb
Coroa radiata M R} - 1
Canticopontine Latl, pud.- W & PN — 8PN
Medb, ped.- 46
Clingulim AL KI'N -
l-'mﬁin M 16 I'N I'N X I'N
Callusum 46 12 I'N I’'N 4 I'N
Aunlerior commis- 46 12 PN — -
suse
Maummiilothalamic 48 36 - B PN

a Al Tigures are in weeks of gestutional age or posinatsl age (PN} as indicsted hy cacl auilas 1his
table is reproduced with permission rm Gilles, 1eviton and {oling lids., copynght ©) 1983 The
Developing Human Hrain, Lindelon, MA: Juln Wright.
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distinguish **normal’™ fram 'abrormal’’ specimens, viewing all these patholog-
ical malerials as abnormal 0 one degree vr another. Second, they used a
quantified scale of degree of myelination instead of gualitative description (¢} =
no myelin, | = microscopic only, 2 = just visthle, 3 = intensity approaching
mature myelin). Third, at every age they made assessments of 8 number of cases
in identical fashion, and reported the results according 1o the satistical distribu-
tion of quantitative scale scores, thus incorporating the realities of individual
vanation it the basic presentation of the data. Finally, two observery system-
atically assessed each of 53 carefully defined sites in ench specimen, yielding a
total of nearly 70,000 scores for analysis,

Most recently, Brody et al. (1984) exiended this painstaking method of
assessment 1o the first 2 postnatal years. They studied 171 cases, a sample with
no overlap with the Gilles et al. sample described shove. Diflerences in method
included the use of the luxol fast hlue siain instead of a hematoxylin stain for
visvalizalion of myelin, and the use of standard neuropathological blocks taken
Irom strategically chosen brain regions including a sample of the most important
structures. {Gilles et nl. (1983} apparently used some specimens cut in such
bloxcks and some whole brain sections. | In other respects their inethod followed
that of Gilles et al. This muaterial is not yet fully reponted, but it promises o
greatly extend and refine the lindings of Yakovlev and Lecours (1967) on the
first 2 posinatal years. Fortunately, a preliminary account u&lhcir findings is
availahle.

With the exception of Lecours (19785; Lecours et al. 1983), none of the modern
investigators has had a dircct interest in correlating myelination sequences with
hehavioral maturation, and it would te unfair to impute any such intention o
them. Nevertheless, their work provides a basis for speculation of this kind,
Their data, as well as that of the older investigators, will be used in the remainder
of this study. As noted by Gilles et al. (1983), these studies demonsirate a
sithstantial degree of agreement, certainly in the sequence of myelination and, to
a lesser exlent, in its precise timing, across studies done at different times, by
different investigators, using different methuds, and with different purposes.

Parallels in Behavioral and Neuroanatomical Development

Muyelination and the Development of Behavior

Several invesligators have suggesied that specific events and sequences of
myclination have specific behavioral consequences. Lor example, the sysiem
suhserving detection of pustural orientation and vestibular stimulation (Figure 1,
linc 3) is Cully myelinated before birth. As Korner (1972) has noted, this may
explain the unique effectiveness of rocking stimulation in quieting the newbom,
is well as the apparcnt positive effect of upright posture on alertness at this age.
A mure mwundane conseguence of this state of myelination of the vestibular
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Figure 1. Cycles of myelination, adapted trom Yakovley and Lecours (1967), Widening
of the bars indicales progressive intensity of staining and density of imyelinated
fibers. Bntervupted hars (a the right indicate approximate sge range of ermmation of
myclmation process. From Yukoviey, P10 and Levours, A, R, *“The myclogenet
ic cycles of regional maturation of the brain®™ in Minkowski, A, (Ed.) Regronnl
Development of the Brain in Early Life, E. A, Davis Co., Phila., Pa., 1967, pp. 4 5.
Copytight © Blackwell Scicotitic Publications, Ltd., Oxford.

wystem miny be the concatenation of vestibular rellexes elicituble ut birth (Peiper,
1963: Precht! and Beintema, 1964; see next section for further discussion).

‘The major tracts of the visual system begin to show evidenve of myclin
staining just before hirth and complete their myelingtion rapidly in the first few
months of life (Figure 1, lines 11 and 15) (Brody et al., 1987, Yakovley amd
Lecours, 1967). This corresponds to the rapid attainment of visual malugity in the
same epch, A detailed attempt 10 relate the maturation of visual percepiual
capacity in carly infancy 10 myelinaiion sequences in the visual systear consu
tutes one of the more convincing models of this kind in the literature (Bronson,
1974, 1982).

This pattern in the visual system contrasts murkedly with the sequence of
myelinalion of the auditory system, as noted by Lecours (1975; Lecours et al.,
1943). The acoustic radiation to the cerebral cortex (Figure 1, line 17) has a very
protracted course of myclination. It requires at east |, possibly 2 years, cone-
sponding to the pace of growth of the major function of the human auditiny
analyzer, namely language comprehension (Brody el al., 1987),

In gencral, the longer the axon, the mure the cell gains by mychination. Thus,
the myelination of the very long ncurons of the pyramidal racts (Figure 1, line
2)) predicts quite well the dramatic gains in neuromuscular function during the
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fust year of life (Brody et al., 1987, Yakoviev and Lecours, 1967). A seclion
through the spinal cord of 8 human newbom resembles sections seen in » paticnt

with spinal transection (Rorke and Riggs, 1969). Further, the development of

reflexive and sensorimotor behavior in the normal newborn resembles in several
respects what would be expected in a neurological patienl recovering from such
an injury. These correspondences are discussed at some length below.

Finally, the great cortical association areas (Figure 1, line 25) may continue o
i myclin up to the uge of XD years. The increase in staining density in these
arcas is of a magnitude consistent with that of the known effecis of experience on
myelination (discussed previously) and may in fuct represent such an effect,
although the urgument for a comrelation is weakest with subiler degrees of
vhange.

In @ ore sophisticated analysis of the myelinativn of the cortex, Gibson
(1977, 1981) compared the myelination of afferents and cfferents to different
cortical layers in both thesus monkeys and humans, in relation to the known facts
abont cognitive development in these two species. She noled that there is o
rcli;hle sequence of myelination among the sin cortical layers in any given
region of cortex, although the sequence vccurs more rapidly in some areas than
others, Specifically, just as the primary sensory and matar projection arcas of
vortex develop in advance of the association areas, the layers subserving commu-
nication with brainstem and spinat cord (1, IV, V, and V) myclinale in advance
ol the layers subserving communication within the cortex itself (I1 and 111, [n
particular, layers IV, V, and V1 in the nssociation cortex become myelinated
between 15 and 24 months of age in humans, or later 3t a time when grea
iulvnnces in cognitive functioning, plausibly described as requiring intennodal
infegration of a high order, are taking place.

(ither equally impressive correspondences between miyelination sequences i
hehavioral development have received little or no attention in the literature.
Some of the mjor tracts of the limbic system, which mediate the emations, du
not hegin to myelinate until weeks or months after birth. The cingulum, linking
the frontal lobe 10 the limbic system (Nauta, 1971), myelinates between 2 and 10
months (Figure ), line 23); 4 months according to Brody ¢l al., 1944). The
fornix, 2 massive liber hundle leaving the hippovampus, myclinates in the
second hall of the first year and later (Figure 1, line 22). Other major connection
tracts of the limbic sysiem myelinale in the first, second, third, and later years
(Hrody el al., 1987, Yakovlev and Lecours, 1967).

Finally, the corpus striatam and globus pallidus, as well as their liber racts,
myclinate postnatally in the first and second years. These structures, long
thought of as mere modulators of movement, are now known to participate
wtimately in the initiation of movement (Evaris, 1975). More interesting for
present purposes, stimulation of sites within thehs has been shawn to produce
lughly ritualized species-specilic fixed action pmtterns that serve ns social dis-
IMays in squirrel monkeys (Macl ean, 1978). This raises the possibility that if
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there are any lixed action patleins e hunan soctal behavion, they may be
controdled in part from homolopens sites. None of these various tracts and
structures is principally copcerned with hunan infonmation processing and prob
lem solving with the possible exception of the fomix. Al however, are coucial
to human social behavior, and all undergo dinmatic changes duing laney

The Neonatal Neurobehavivral Baseline

Neonwtal neuralogical and behavioral assessment scales have produced s
detailed characterization of buman neurological status at birth, This characteriza-
tion hus served as the basis for analyses of the state of development ol the
neonalal nervous system {Minkowski, 1955; Peiper, 1963; Bronson, 19823, The
peculinr concatenation of reflexcs and movements, some essential for survival
and continuows with mature fupctions (for example, the sucking and withdiawal
reflexes), others precisely reminiscent of (he signs of some neurological diso
ders and destined 10 wane with normal growth (such as athetoid movements and
the plantar extensor rellex), bas sugpested o vadous abservers (hat the neonate
resembles a decorticate, decerchrne, midbrain, or even spinal orginism in s
level of function.

Prior to considering how best 10 mudel neonatal behavior in terms of newso
amtomical development, it is necessary 1o estublish the lixed featwies of human
neurobehavioral status at bith. This requires going beyond the European amd
American populations that have formed the basis of most generalizations. Ocea
sional reports in the literature cluim marked populationwide departures from
what Europeans and Americans consider fundimuental aspects of human newo
logical xtatus at birth. Most notable among these was the report by Geber and
Dean {1957) purporting to show that neonates of the Baganda population in
Kampala, Uganda lucked certain rellexes considered obligatory in healthy Luro
pean neonates: the automatic march retlex, the stepping reflex, the placing
reflex, and the scarf sign. This lack was interpreted by the nuthors, and by nimy
others wha have ciled their findings, as being indicative of precocity in African
nconntes. That ix, they clainied that African neonates had already developed pas
the point at which (hese reflexes are clicitable, und they estimated the difterence
in developmental status to be on the order of 4 to 6 wecks,

Whatever the interpretation, this absence of major reflexes in a group ol
nconates would, if true, require cethinking of the status ol the nervous system al
birth. This finding, however, has not received confirmation from other stodies.
Warren (1972) reviewed the subject through the 19605, and concluded tat oo
such phenomenon had been shown in African nconates, citing three noncontie
matory studies and noting a munber of defects in the oniginal sudy. Super (1981
reviewed the suhject more recently and concluded that *‘there is no rehable
corroboration of Geber and Dean’s claim of ncurelogival precocity in Ateican
newbharns. Substantial contradictory evidence now exists, as well as doubt abuout
the original methodelogy™™ (p. 188).
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This is mot to say that there are no differences in the neonatal behavior and
responsiveness of differenl racial groups. ‘The possibility remains that the Moro
reflex g (he plantar extension reilex have higher thresholds amd lower ampli-
tudes in African than in European newboras. There is also some evidence of
temperamental differences between Oriental and European newborns, with the
Oriental infants showing less activity and less irmitability (e.g., Freedman, t974).
Finally, there are numerous reporis of statistically significant, but minor differ-
ences, in neonatal neurobehavioral status of differem populstions ss imeasured by
the Brazelton scale {Sameroff, 1979). These results, however, do nut aller the
general impression that a characieristic repertoire of refiexes and behavioral
capabilities applies 10 the neonates of all human groups. (For detailed review sce
Super, 19K1.)

lllustrative of the similarities are the results of the Prechtl neonatal neurologi-
cal examination (discussed above) for a simall sample of neonates in one African
population, the TKung San. Nine infants were examined between 8 and 12 duys
of age. During the examination, suhticties of threshold and amplitude of re-
spanse were recorded, bul for comparison purposes only the percentage of
infants who unambiguously exhibiled the reflex in response to the given stimu-
lus, regardiess of threshold anplitude, were used. Many of these responses are
difficull to elicit in any nconate under the best of conditions. The proportions of
infants responding among the 'Kung San are within the range expected by chance
for Ewropean and Amicrican samples. In paricular, the reflexes reporied by
Gieber o be absent in Baganda neonates after 4 days of age arc present in 'Kung
neonates at 10 days of age.

Other investigators have obtained simitar results within our African popula-
Iium based on larger zamples of neonates, and on samples representing several
Asian populations, Australisn aborigines, and New World Indians (Super,
1981}, Thus, the general nevrobchavioral capacily of huinan neonales appears
adequutcly characlerized hy the normal expectable repertoire vbtained through
standard procedures for neurological examination in Luropean and American
populations (Prechtl and Beintema, 1964),

These behavioral and myelination data suggest that the neonate functions al a
level consistent with full development of the peripheral nervous system, exten-
sive developinent of the spinal cord and medulla, substaniial development ol the
mesencephilon, and panial development of the prosencephalon, alinost all
below the cortical level.

Individual reflexes can be explained with reference to the state of development
of s.pcciﬁc structures (Minkowski, 1955; Peiper, 1963). For example, the tonic
deviation of the head and eyes in the direction of body displacement, the doli's
eye reflex, and the labyrinthine righting reflex owe their presence to the relative
maturity of the vestibular portion of the eighth eranial nerve and its conmunica-
tions }ni!h the brainstem nuclei of the cranial nerves effecting the responses, The
stepping and sutomatic march reflexes directly parallel similar rellexes in bath
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decorticate and decerebrate animal preparations, and are interpretable as reflect-
ing the relatively advanced state of development of the spinal cond and medulla,
wilh the exception of the descending corlival effcients, which provude inlubstory
control. Finally, the best-studied nconutal reflex is the plantar exlensor or
Babinski reflex, which consists of a splaying outward and upward of the locs
when the sole of the foot is stroked This appears homuologous to the sime 1etlex
in adult patients who have suffered damage (o the corticospinal (pyraridal)
tracts. In the neonate, this reflex ahuwust certainly reftects the absence of myelin
from the same tracts (Brain and Wilkinson, [959; Ghez, 1981). Muny similar
arguments are possible with respect to sensory capacity a1 binh, for example. in
the visual system {Ironsen, 1974, 1982},

As noted by Brunson (1982), it is reasonable to think of the neonate oy
functionatly subcortical. Alhough some potential for function ¢xisis in contical
systems, behavioral and physiological data suggest that this function is extremely
rudimentry. An ingenious series of experiments, however, has shown that
neanates are, to a limited extent, capable of intermodal transfer —cxchange of
information among different sensory modalities—a cupability they wete long
thought to lack {Meltzolf and Moore, 1977; Mchzoll and Borton, 1979). Wheth-
er this rcllects an unexpected level of funclioning for unmyclinated intracortical
association arcas, of an unexpecied role lor subtortical structures o intermodal
transfer, is impassible to determine at present (but sec Gibson, 1981).

The Growth of Bipedal Locomotion: A Paradigmatic Case

Motor development sequences arc largely genctically programmed. Rescarch
in the 19305 and 1940s by Gesell (Gesell and Amatruda, 1947), McGraw (1943),
and others noted, and, in some instances, showed elfecis of experience, but such
effects were invariably minor ugainst the background of the temporal nap of
developmentat milestones. McGraw explicitly embraced the notion of a specics-
specific nevromuscular development sequence and described it in detind ton a
longitwdinally studicd sample. Gesell and his volleagues made shunlar descip
tions, supported by photographs, for a wider range of infant behavior patieris,

Shortly after his initial publications, Conel (1939- 1967) began 1o rely on these
two sels of behuviorl descriptions in ninking tunctional intespretations of his
Iarge body af data on the regional maturation of the cerchral contex. P
example, he noted that by all measures arca I'A gamma of the precential gyrus
(the tmotor coriex), in the region of the hand, is, st 6 months of age, developmen-
tally advanced compared ta other areas of the moler strip. This corresponds well
with behavioral evidence ot the earlier maturation of hand conttol compined
with control of other body parts. Anather part of area FA ganmuma, the region of
the lower exiremitics, is, in contrast, developmentally bebind the rest o the
molor coriex even at 15 months, cormesponding 1o the continuing weakness o
behavioral control of the lower limbs at that age.
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To be sure, there arc inleresting variations in the timing of mator and sen-
sarimotor milestones within and among populations (Super, 1981, Werner,
1972, 1979). At present it is nol possible 10 partition such variation, whether
within or between populations, into genetic, environmental, and genotype-
cnvirunment interaction components. Nevertheless, the range of variation among
individuals within samples considerably exceeds that among populution means
for the appearance of these milestones world-wide, despite much greater varia-
tion in envionmental influences among populations. This consistency among
population means suggests a species-specific and species-wide timing of events
in mutor and sensorimotor development, For example. independent sitting and
visually directed reaching appear in the middle of the first year, indepeuden
nsing to stand later that year, and independent walking and thowmb -to-finger tine
grasp carly in the second year,

A useful paradigmatic case is provided by the emergence of bipedal locomo-
i, a species typical, centrally organized neuramotor action pattcen shown by
all nommal adults—indeed by all normal 2 year olds-- in our species. The meun
age of attainment of one useful criterion, three steps taken without hands held,
hovers around a year of age in many samples, usvally falling between { | und 14
months. Large samples studies in five Luropean cities had means with 6 weeks of
cach other at the extremes (Himlley et al., 1966). Precocity for inlants in
developing countries, especially Africa, has frequently heen claimed (Super,
1981; Wemer, 1972, 1979). Same carclully designed and conducted stdies,
hawever, fail 10 show any dillerence, and onc critical review of a large nuimber
of studies concluded that African infant precocity has not been demonstiated
(Warren, 1972),

The claims for greatest precocity center on the carly part of the Niest yewr of
hife. The meuns for Aftican and other samiples in devetoping countries for age at
independent walking typically fall within the American and European range
mentioned above, To take only one example, anwing the 'Kung San, hanter -
pathers of the Kalahari Desert in Botswana, deliberate effots are munde 10
accelerate the development of walking by means of seemingly appropriate
tactics. These include cxtensively holding the infant in a sitting or standing
posture long before independent maintenance af these postures is possible,
cxercising rudimentary walking capabilitics, and so on, The curve fur develop-
ment of independent walking in these infums falls within the range of the
corresponding curves fur American infants (Konner, 1973, 1977).

Uther cruss-cultural variations in infant care that might be expecied o alter the
rate of development of this behavior also have litle effect. The Hopi (Dennis,
1940; Dennis and Dennis, 19400 and Navajo Indians {Chisholm, 1983), for
instance, traditionally restricted their infants much of the time hy tightly swad-
dling them against cradlchoards. This procedure did o suhstantially delay the
age of lust walking.

Linally, deliberate attempts to acceberate this maturational pattern experimen-
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wlly under relatively comrolted conditions nsually met with linte soceess (e g,
McGraw, 1935). One intervention study (Zelaze, et al., 1972) dul succeed w
producing an 8 week advancement of lirst independent walking by systematically
exercising the neonatal astomatic march reflex for the lirst 8 weeks ol life.
Although this suggests that extraondinay envitonmental moduications may alier
the rate of development, more Lypical variations in rearing conditions do not have
this effect.

In addition 10 cegularities of developmental rate, a preponderance of evidence
puints to the existence of a species: typical developmental sequence. From the
neonatal automatic march reflex, a centrally organized subcortical nustor steicn-
type, to the mature guit of the 2 year old, with heel toc progression duectly
under the hips and synchronnus alterpate ann swinging, the developmental
history of the bipedal Jocomotor pattern is Tor the most part characteristic and
universal, and the timing of its major transition is narrowly defined

Underlying this develapmental history is a fairly clear plan of ncural develop-
ment. Classical swudies linked the waning of the automatic march reflex as well
as the ascendance of wrue waltking o progressive development (lucluding my-
clination, hypertrophy, and other growth changes) in the conticospinal tract from
tater prenatal life w the end of the scrond postnatal year (Minkowski, 1455,
Andié Thamas, 196)). These changes sesult in increasing cortical intuabition o
primitive spinal reflexes, stabilization of the postural sireich reflen, and volun
tary control of coordinated limh movemems. Accompanying the myelination «f
the corticospinal tracts are associaled changes in the precental {matar) gytus,
partivally the fower limb regions of the gyrus, over a similin developmeaal
time course (Conel, 1939-1967). Fuictional evidence Trom chinical lesions
shows that adults suffer profound loss of lTower limb control in disease of the
corticospinal tracts, Specilically, they exhibit the extensor plantar reflex of ihe
nconale, known since Babinsky's 1896 description 1a be pathoguoimic ol con
ticospinal tract conduction failure (see Ghez, 1981 for review). Thus, the
development of improved function in this tract as a result of mychnation is o
likely candidate for a ncural hasis of the mawration of walking, and ol the
wuning of the extensor pluntar, or Babinsky refles,

Maodern coneepts of the cortical and sulcortical control of voluntiry wove
ment, however, have greatly expanded the range of neuranatomical structuies
that may be involved in maturing locomolor skills, According 1o these concepis
{Livanis, 1975, Allen and ‘Tsukahara, 1974) both the basal ganglia and the
cerehellum are implicated in poal corrected mavement. Briefly, nommotor contes
{i.e., the great majority of the cortex) initiates voluntary movement not prinarily
through a direct communication to the motor cortex (although such a connection
may still play a role) but through (ransstriatopallidal and transcerebellar circuaty
Noamutor cortex projects o the basal ganglia and cerebellum, which project, via
wity-slations in the ventral anterior and ventral atecal thalamus, back 1o the
motor and premotor corfex, respeclively.
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This widely accepted model must direct our altention to the myelination
sequences of the major efferent pathways from the globus pallidus [the unsa
lenticularis (Figure 1, lime 13) and field H1 of Forel (line (2)], of the middle
cerchellar peduncle (linc B), which carries cerebral corlical infonmation to the
cerebellum, and of the intrinsic fibers of hasal ganglia (line 19). Collectively
these structures exhibit a course of myelination that is highly consistent and as
protracted as that of the corticospinal tract (Jine 20) and its somatosensory
feedback pathway, the somesthetic mdiation (line 16). This complex proposed
circuilry of independent bipedal locomation thus exhibils u cycle of myelinution
consistent with the use of the eycle te explain the maturation behavior.

Psychosocial Maturation during the First Year

Among many motoric, perceptual, and cognitive changes occurring during the
first year of life are some transformations that are specifically social or emational
(Bowlby, 1969, 1973, 1980; Emnde et al., 1976; Lewis and Rosenblum, 1978;
Campos et al., 1983). Although all development is continuous, Iwo critical
transitions in infant psychosucial growth occur during the first year.

The first, achieved during the first 3 months of lile, is characterized by a
marked increase of social competence, from a neonalal level that is hasically
asocial or presocial, (0 a level of relatively advanced social expressivencss
including mutual gaze interactions, contingent responsiveness in dyadic ex-
changes (Stem, 1974; Stem and Gibbon, 1977), and, most notahly, the easily
clicited social smile. Much data of a cross-culiural nature are available for one of
these, the social smife (e.g., Qewirtz, 1965; Kilhride and Kilbride, 1975,
Kilbride, 1980).

‘The second transition is slower, exlending from about § to at feast 15 months,
with the most dramatic transformation 1aking place during the third quaner of the
first year. It consists of the development of what is usually called attachment or
attachment behaviors. One hallmark of this complex is crying or protest when the
muther leaves the infant alone in a strange place, although numerous other
specific behaviors with respect to the muther (or other primary carelaker) appear
carlier, such as preferential greeting, approaching, and following. A related
developiental phenomenon, the fear of strangers or stranger protest, also oceurs
during the second half of the first year.

The Emergence of Social Smiling.  An early matorational development of a
specifically social nature is the smile in response to a human fuce. In the humin
adult, smiling in greeting i universal, or at least exists universally as an opliun.
It has been filined and measured in the same form and context in societies on alf
continents, pritnitive and madern, some remote from Ihe influence of the others
(liibt-Eibesfeldt, 1971a.b, 198), Sinilarly, adiilts in widely distributed soci-
clies interpret pictures of smiles as signaling friendliness or happiness (lkman,
1973). Young children exhihit the sucial smile in typical fonn and context and
make the usual interprelation (lzard, 1977).
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Quantitative variation in form wnd function of the smile may reflect the
influence of learning, but such varintion does ot bear on the fumdamental
squalitative constancy of the behavior, 1 is uy cluse us we are likely te come to a
human lixed action pattern, of to a human species-specific socinl display. The
smile evidently relales 1o (he primate “‘playlace,”’ an open mouthed snule
ocewring during social play, and (o the primate submissive closed monih grn
shown in greeting a dominant animal (Van Hoolf, 1972, Andrew, 1963), but the
relaxed [ricndly sinile in social greeting is characteristically humnan (Blurton
Jones, 1971).

lor practical purposes, smiling is absent at birth and emerges during the firs
few months of postnatal life. Incidence.of smiling in naturalistic social contexis
or in experimental setlings in which the infant is presented with a face is two
orders of magnitude higher at 4 months of age than at lerm, and the response
cannut be indisputably identified until some time in the second inonth {Amhrose,
1959; Emnde, et al., 1976; Ltude and Harmon, 1972; Spiz and Woll, 1946,
Sroufe and Waters, 1976}, There is some variation in the early incidence and vate
of emergence of smiling among samples in dilferent environments, This vara.
tion is statistically significant but quantitativety minor (Gewirtz, 1965). Compar
isons of infants among the Baganda of Uganda, the Samia of Kenya, and other
cultures with American infants show litile difference in the age of emergence ol
social smiling (Kilbride and Kilbride, 1975; Kilbride, 1980).

This growth process produces s marked change in parent-offspring relations.
Mothers may report that they did et subjectively sensc the existence aof a
relationship, or even that they did not love the infunt, before the emergence of
gaze fixation and compeient social smiling (Robson, 1967, Rohson and Maoss,
1970). ‘The absence of this cure-cliciting behavior at birth is an ¢volutionary
puzzle, the solution of which prohably lies in the phylogenelic constraint on
gestation length imposed by a marrowing birth canal on a slowing rate ol growth
(Konner, 1979, 1981),

A convincing developmental explanation of the emergence of social siiling
has also eluded investigators. Well-furmed nonsocial smiles oceur regularly in
neonates during rapid eye movement (REM) sleep and may be ohserved from W0
weeks of gestational age (Eowe and Harmon, 1972, Tande ctal | 1976, Wolll,
1963). Anencephalic infants with a mesencephalic level ol tunctioning exinbn
stch smiles (Monnier, 1956), making telencephalic or diencephatic involvement
in their regulation unlikely or al least not essentinl, Painstaking videotape studics
ol normal ncomates show that highly coortdinated and specific Tucial eapressions,
involving a number of sometimes widely separated elements of facial muscula-
ture acting in concent, are present at birth (Osler, 1978). Thus, at birth, with oaly
lower brzin functions mature, intricately timed facial muscle action paticins aie
already wmder complex cential control. Also at birth, gaze fixation wnd cven
visual foliowing of a face hy the infant can be elicited, suggesting the existence
of some underlying perceptual cognitive eapacity (Als, 1977, Buwelton, 1971,

Since blind infants develop telinhle social smiling unly a month or two later



04 Melvin Koruer

than sighted infants (Fraiberg, 1977 Freedman, 1964, see also Thompson,
19411, a crucial role for visual perceplion in the growth of the behaviur can he
ruled out. Since the mean age of the onset of social smiling in samples of Jow-
risk mature infants can be betier predicted from their postmensirual than from
their postnatal age (Brachfeld et al., 1980}, a key role for associative or uperant
conditioning, both readily demonsurated later in infancy {Ahrens, 1954; Am-
hrose, 1959; Brackhill, 1958), ulso seems vniikely. ¥inally, since monozygotic
twins are significanily more concordant in the rate of emergence of social smiling
than dizygotic iwins (Freeman, [974), somie genelic contribution to the individu-
al varialion is probable.

Thus, some central connection hetween the perceptual mechanism and the
already well-furmed motor output matures during the growth of this socially
lunctional behavior. Soine of the change may be perceptual and cognitive, rather
than social or emulional. For example, by 2 munths of age, visual following of
eyes and faces substantially improves (Haith et al., 1977). By 3 momhs, an
infant 15 most attracted o sthinuli whose changes it can controd (**contingently
responsive stimuli’® (Watson, 1972; Watson and Ramey, 1972)) or al least (o
stinuli (such as are provided by an indulgent caretaker) that change at a pace
wleally suited o challenge infanl attention (Stern, 1974; Stern and Gibbon,
1977y —facuhties that are largely ahsent enrlicr. By 4 months, visual pattern
nwimery emerges (Super ct al., 1972). In addition (0 these essentially cognitive
changes, seme aspecis of he maluring competence are undoubledly specitically
soctal, perhaps even in the cthological xense af the word, that is, **wired-in’* tor
sacial funclions,

Initial approaches (0 a developinental newrology of siviling must be indirect,
but the following facts are noleworthy. Myelination of the mutor roots of the fifih
and seventh cranial nerves is completed prenstally (Langworthy, 1933; Rorke
and Riggs. 1969). This finding is consistent with the mature form of nonsocial
sinthing even in premature neonates. The motor nuclei of these nerves are in close
praximity to the pontine neurons believed to control REM sleep (McCarley and
Hohson, 1975), which is the context in which these early nunsocial smiles mast
(reguently oecur,

In adults, voluntary and emotional conirol of the smile can each be fost
separately as the resull of regionally localized brain damage (Brain and Walton,
1969, Monrad-Keoha, 1924, 1927; Rinn, [1984). In facial paralysis from a
conticospinal lesion above the level of the molor miclei, voluntary retrection of
the comers of the mouth is weak or absent, while smiling in appropriaie
emotional contexts is preserved. “Mimic'” paralysis (the emotional form) is less
clear in origin, but is believed to result {rom lesions of the hasal ganglia (sce
Rinn, 1984 for review).

This notion receives strong support not only from stroke and injury studies but
fram the “"masked face” syndrome of Parkinson's discase. This syndrome,
which accurs early in the disease, consists of n marked facial unresponsiveness in
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the presence of emotion, hut a ﬁ:cscrv;uinn ol voluntarily assumed laciat cxpies
sion. Since Parkinson’s disease primarndy alfects the basal ganglia (o, moie
properly, the sabstantia nigra thit projects (o them), the masked lace symdnnne
lends credence to the notion of regulation of social smiling from this part of the
brain (Rin, 1984),

In view of these findings— panticolarly if i 35 accepted that smiling is a
species-typical social display- - certain acurocthological concepts that would
otherwise seem remote become relevant. Maclean and his colleagues have lung
niaintained thut the striatopallidal complex (the major part of the basal ganglia)
plays a key role in the control of fixed social displays (MacLean 1978, 1985).
They note the prominence of these strctures (or their homologics) in birds and
rephiles, taxa that (more exclusively than mammals) vse Iixed displays w then
social behavior. More imnportant, they have found and repeatedly confirmed that
clectrocoagtiative lesions of the pars interna of the globus pallidus specifically
abolish a species-1ypical hixed action pullern {genital presentation) thid serves as
a sucial display in the squirecl monkey, Saimiri sciurens (Macl.can, 1978). No
other deficits are obhservable in these monkeys, although these are assiduously
sought, particularly in the reatm of mator function, which is traditionally assoi-
ated with steitopallidal  circnits. This has led Maclean fo redelme the
stristopatlidal complex as a regultor of specics-specific displays, amb to wlentily
the globus pallidus as a particularly essennial way-station for such displays.

From these findings, the following model of the growth ol social smibing may
be tentatively advanced. In laie prenatal life the smile appears in madure fon,
during the high level of development of (he fifth {rrigeminal) and seventh (lacial)
nerves andd their motor nuclei, but it docs not appear i mature condexy. s
association with REM sleep perhaps bears some relationship 1o the relatively
casy access of the pontine reticular furmation (o thuse motor nuclei.

In the contrse of the (irst few postumial months, the response is bronghi ino the
realm of soctal control. Regional brain growth changes likely 1o be involved
this change are (1) sensory changes, perhaps, especislly tectad (Figure |, bines
10, 18, and 15); (2) motor changes, especially cerebellar (lines S and 6), aml,
maost importantly, (3) changes in the strintopullidal complex, especially the
glohas pallidus and its efferents, and ansa lenticularis and the lields of Forel
{lines 12-14), with the ansa and pars interng showing the most rapid change at
this age (line 13).

The Growth of Social Pears. At the end of this phase trunsition, the social
interaction is well established but relatively undiscriminating. It appears (o the
observer to be associated with positive emotion, but the cmotion scems impeso
nal; ulmost anyone can clicit it and, despite subtle signs of diserimimstion of
primary carclakers, strong emotional bonds do not appeir to exist, This siwation
changes markedly in the second hall-year. Strangers begin 1o be discriminated in
sucial responding, often negatively, und increasingly so through the course of the
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second 6 months (Morgan and Ricciuti, 1969, Tennes and Lampl, 1964; | ewis
and Rusenhlum, 1974); crying when left hy the mother in a straage situstion,
with ur without a strange person, becomes coimmon, although it is certainly mot
universal (Bretherion and Ainsworth 1974; Ainsworth et al., 1978); vulnerability
10 the adverse effects of separations of substantial duration from primary care-
takers becomes demonsirably more marked (Rowlby, 1973); and *'atiachment
bebaviors™ such as following, clinging, and cuwddling become frequent in rela-
tion 10 the primary caretaker(s), especiaily in strange situations or in the presence
of sirunge persons {Ainsworth et al., 1978).

Such changes are, to he sure, not all functions of the growth of fear. They
represent changes in the emational valence of the interpersonal space of the
infant that make certain key individuals very atiractive while rendering (he rest of
the specics less so, if not actually repelling. ‘These changes are often charac-
terized hy primary caretakers as indicative of a decpening of the emotional hond
they feel they share with the infant, and by theorists of affective developmen)
such as Bowlby (1969, 1980) and Ainsworth (Ainsworth, el al, §978) as
signaling the onset of the capacity for attachment, a major event in the growth of
emaotionul and sucial competence.

Non-Western cultures exhibit similar behnvioral patterns (Kagan, 1976; Su-
per, 1981). Thus, the growth of social fears and the concomitant growth of
attachment, as defined hy these and related measures, appear to be universal
features of the second half-year of human life (with much individual variation in
the degree of avert expression). It is, at least in its ontogenelic timing, a species-
specilic feature of human behavioral arganization. The percentage of infants wha
withdraw, ret, or cry when a stranger appears, wha cry when left by the mother
cither alone or with a stranger, or who go to the muther rather than a siranger or a
secondary caretaker when mildly apprehensive (Kagan et ul., 1978) rises sieadily
from the middle of the first 10 the middle of the second year, whether the sample
is drawn from the !Kung San of Botswana (who have 24-hour mother--infant
physical contact in a densc social context), traditional Navajo Indians (who strap
their infants inte cradleboards much of the time), a remote Guatemalan Indian
village (who have high mother-infant contact), an Israeli kibbutz (infant sepa-
rated from the mother in a nursery except on afternoons and weekends), or
varionis subcultures of the United States, including professional and working
class sociveconomic levels (Konner, 1982, Chishoim, 1983; Kagan, 1976; Su-
per. 1981). Among Chinese-American and Caucasian - American subcultures in
Bastan, infants who have 8 hours a day of day-care separating tiem froimn the
mother do nol differ significantly from control infants who have had no such
separalion on measures of social fear and altachment at any age, despite the fact
that the day-care regime began before 4 months of age (Kagan et al., 1978). This
latter Minding is confimned by similar studies of the effects of day-care on social
hehavior in other cities (Caldweli et af., 1970; Ricciuti, 1974; Brookhan and
Hock, 1976; Blanchard and Main, 1979; Campos et al., 1983).
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Similmly organized behavioral patterns, with species-typical motor compo-
nents and ontogenetic liming, may be seen in the early postnatal development of
higher prisiates (Blurton Jones, 1972; Rosenbhnn and Alpert, 19/74) and othes
mammals {Scott, 1962). Analogons, although probably not homologous, events
may be secn in the very carly posthatching development ol prececial bink
(Sluckin, 1970). Obscrvation in the envicomnents of evolutionary adapledocess
(Rhcingold, 1963; Altman, 1979}, including one such eavironment for usns
(Konner, 1972, 1977, 1981), clearly suggests an adaptive role fur such behaviors
in two ways: prevention of predation and intergenerational transfer of aduptively
relevanl, acquired formation. The ontogenetic association of independent lico-
mation and active imitation with the growth of social fear and attechment
behavior (in several species) supports, respectively, the Iwo putative adaplive
significances postulated for these infant cmotions. ‘The concatenation of {ined:
action-patiern-like components with one another, and with apparently innate
releasing mechanisms, in an organized, goaf-coprected, predictable, “driven™
fashion resembles, in impunant respects, other patierns that are usually called
instineis.

Swne evidence suggests that individual variation in the precise ontogenetic
timing and in the degree of eapression of the sociel fears is umier genetic
influcnce, In at least iwo studies, fear of strangers in infancy has been shown to
have significamtly higher concordance in identical than in frateenal twin paiis.
One of these studies focused on the Jongitudingl pattem of growih of fear
(Freedman, 1974), and the other un specific behaviors toward the stranger
(Ilomin amd Rowe, 1978). No evideace exists for similur heritability of positive
behavior toward carelakers, tat little work has been done on this question,
Possibly only the negative aspects of the fearfattachment complex have their
individual variation under sipnilicant genetic infMuence.

For present purposes, however, itis the control not of individual variation bul
of universal features of maturation that is of inlerest. In view of the known Lacis
refating fear and other strong emuotions 1o the nucled and pathways of the haibne
systen (see Isaacson, 1974, for review), it would be appropriate to eawming this
system for developmental events that might help to dispel the mystery of the rise
of the social fears. In Papes's ariginal formulation, e burden of the *siream of
fecling™* was laid for the first time vn a core of circuitry, including especiably the
hippocampus, the forrix, the mammillary bady, the maimmitlothalamic iract, the
anterior nucleus of the thalamus, the cingulum bundle, and the cingulate conex
(Papez, 1937} It subsequently became clear thut the main vutgoing pathways vl
the amygdala—the ventral amygdalofugal path and the stria tenninals, various
parts of the hypothalamus, and the seplal area—-also belong in the proposcd
emotional circuitry (Macl.ean, 1952; Nauta and Domesick, 1980).

In addition, Nauta delincated three masjor exlensions of the sysiem beyomd
these primanily diencephalic and older cortical nuclet and circuits: (1) a two-way
communication with the frontal lobes as **the neocortex of the limbic sysiem™
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{Nauta, 1971); {2) dircet {iber connections with the striatopallidal circuitry, via
the ansa lemticularis and Gelds of Forel (Navta and Mchler, 1966), perhaps
providing a basis for species-specific displays of the emotions as proposcd hy
MacLean (1978); and {3) various connections with the *‘limhic mid-brain,’* over
the mammillary peduncle, the dorsal longitudinal fasciculus, the habenuluninter-
peduncular tract, and other pathways (Nauta, 1958; Nauta and Domesick, 197K),
which probabty constitule an impontant part of the nonendocrine effector ontput
of the system, especially, hul not exclusively, in the visceral realm. The connec-
tions of the limbic system and its relations with vther brain circuitry have becn
authuritatively reviewed (Nauta and Domesick, 1980).

Turning to Figure I, we nole that at 3 months of age there is liltle or no myelin
in the striatum, the fomix, and the cingulum (lines 19, 22, and 23), hut that these
have achieved almost the adult level of staining by the end of the first year
(Yakoviev and Lecours, 1967). The manmiltothalamic tract (hundle of Vie
d'Azyr, line 12) also gains heavily in staining density during this period.
Alihough there are vther Jramatic changes during the second half-year of life,
they mainly relate to the neocortical and cerebellar control of inovement (sec
abuve); as such they are likely 10 be less relevant 10 the growth of the emotions
than are (he struclures just mentioned. With the ahsence of myelin on the (ormix,
the cingulum, and to a lesser extent the mammillothalamic tract, it is prohable
that the level of functioning in the Papez circuit is very poor at 3 months
compared to its level of functioning at the end of the first year. Thus, it is nul
surprising 1o find that the emotional compelence of the elder infant is much
preater, and if seems likely that more than an increase in information processing
ahility (an explanation offered by Kagan et al., 1978) is involved. Furthermuore,
the gains in myelin staining in the striatum and in the fiber lields of Foret (H1 and
H2. lines 12 and 14) suggest the possibility that not only emotional competence,
hut also the ahility 1o express emuotion in snotor dction, are maturing af this age.

In addition, daia from stimsutation studies, lesion studies, and to a lesser
cxlent, psychosurgical practice (For reviews see Gray, 1971: Valenstein, 197},
isaacson, 1974) indicate the involvement of portions of the amygdila, the
cingulum, the hypothalumus, and the liinbic mnidbrain in the mediation of lear
and anxiety. In the original classic experiments on the conseguences ol tlemporal
lobe lesions, Kliver and Uucy found that removal of large portions of the
temporal tobe in monkeys resulled in a syndrome including fearlessness, time-
ness, lendency to approach objects indiscriminately, mouthing of ohjects indis-
criminalely, and hypersexuality (Kliiver and Bucy, 1937, 1939). Wilh the
caceplion of hypersexualily, which may require previously mature reprdduclive
competence, the syndrome is in some respects reminiscent of behavior of normal
human infants in the 4-5 month age range. Perhaps the absence of myelin in the
limbic circuitry gives them a pantial temporal lobe disconnection syndrome
mimics physiologically as well as phenomenologically the Kliiver-Buey syn-
drome in postoperative adult monkeys.

Bebavioval Development and Myelimation Xk

Whether or not these specilic explanations relating infant cuotionality 1
lesion studies are correct, no account of the striking changes in infant cimotingal
competence during the secomi all-year of life will be satislactory withut an
gecount of the relationship to the equally striking changes in Limbic system
structures know 1o wderlic ciational behavior,

Discussion

This mnxdel is based on correlations, some of which are rather gencral in
nature. Eventually, improvements in the mcthodology of relisting myclination
sequences 10 behavioral developinent will result from application of magneic
resonance imaging (MRI) to the maturing brain. MRI {also known as nuclear
magnelic resonance, NMR) is demonstrahly superior to computed omography
und other hrain imaging methods, particularly in its ability to discnninate white
from gray matter in the central nervous system, and ix, for this reason, showing
itsell 10 be panicularly usefu!l in following demyelinating disorders such as
multiple sclerosis. This imaging neslality has the potential 1o produce quantificd
determinations of the degree of myelination in anatomically specific regions ol
the living, developing hrain. Thus, the potential for correlations with developing
behavior is extravrdinary. Alihough stricily speaking these will still be meie
cotrclations, they will he so much more precise and dynamic than the ones
considered here as (o conslitule a completely new body of data against which o
test these hypotheses. No nutter how fine the correlations, however, sach
madels will always be suhject to criticism on the grounds that other structines
thal mature at the same time may be responsible for the behaviors in question

One way o confirm the carrelational models is 1w remove the pertinent
developing, steuctures il o observe the resulting belavioral delicits These
procedures generally rely on chinical materials that du not precisely parattel the
desired lesion or oa animal models Bat do pot preciscly piratlel the function of
the human brain. 1n one of the most impressive studies of this kind, Diamond
(1985, and 1his volwne) demonstrated a developmental sequence tor peirfor
n.ance on an vhject-retrieval task that matures during the second hall of tive first
year in hummn infants. She atnbuted this devetopment o imatusition of the
frontal cortex during the smne time period, citing chnical and experimental
lesion studies. $he went on o show that rhesus muwmbheys exhibit the same
sequence of development between 2 and 4 months of age and, most importantly |
that the ahility can be eliminated in adult chesus monkeys by specific ablation of
the dorsolateral prefrontal cortex, which is developing in both species at the ages
at which they respectively develop the behavior (Diamomd and Goldman-Rakic,
1983). This sequence of investigations provides a mudel for Twture rescarch on
the neurvanatomical bases of behavioral development. [tncidentally, the obyecl
relrieval task in question, which is, in effect, the ohject permanence task of
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Piaget, has been shown to develop aecording (o a pattern thet deserves the status
of a cross-cultural universal (Werner, 1979; Daxen and Heron, 1981).]

The model proposed in this chapter is ulso subject to criticism on the grounds
that infan1 behavior has been properly studied in only a handfut of the thousands
of known human culiures. Although the cross-culturaf studies reviewed are not
elxhaustivc. they do sample a widely representative sclection of human popula-
tioms around the world. These populations sre mutuslly independent. Some are
essentially independent of Westem influence. Most are very different from onc
another in culture, ecology, nutrition, child training, and other charscteristics of
the environment that might jeopardize the hypothesis of universality. ‘Thesc
systematic studics of a few populations draw support (rom descriptive and
anecdotal materials from a much larger range of cultures. At this point, the
burden of proof rests on whose who assen the passibility of 4 marked cultural
depanure in infant behavior or developmentat sequence. Forlunately, the Mield of
cross-ciltural psychology is developing rapidly, and will in the near luture setifc
the question for many behaviors (Triandis and Lamben, 1980-1981),

In the model of social development proposed here, an essentially presocial
phase during the neonatal perind is followed within 3 months by a highly, bui
indiscriminately, social phase of which the hallmarks are cfiective sustained Raze
contact and reliable social smiling. This, in wrn, is followed, by the last quarter
of the first year, by a type of sociability the very essence of which is discrimina-
ton, 1t is characterized by preferential direction of positive social behavior
toward one of # few individuals with un absence of response loward others and
frequently negative responses loward strangers, This is usually called the atiach-
ment phase of infant social development. Finally, the maturation of higher
cognitive functions, particularly, but not exclusively, in the realmn of language,
serves by around age 3 years (o begin (o terminate the intense phase of anach-
ment {0 the primary caretaker and to deliver the child into a wider sucial and
cultural world (Lenneberg, 1967; Lecours, 1975; Lecours ot al., 1983).

It is interesting t0 note soine parallels between this sequence of three phases of
social development and the three phases in the evolutionary sequence postulated
by Mucbesn (1973, 1995). Briefly, Maclcan has argued that the human brain
consists of at lesst three levels of systemic functioning that, while cerfainly not
scparale in their ongoing activity. are usclully separated for heuristic purposes.
{Zach represents the contribution made to brain structure by a major epoch of
phylogeny: the reptilian brain, ur **R-complex,’* roughly cortesponding to the
level of the basal ganglia in humans; the paleoinemmalian hrain, representing thic
major ncur_uanummicnl sdvance of the early mammals over the repliles. and
comrespanding o the level of the limbic system in humans; and the neoman-
malian brain, corresponding 1o the level of the neocortcx, which has increased
steadily, especially in centain lines, throughout mammalian evolution.

'l"hc concepl of recapitutution of phylogeny by ontogeny has been frequemly
crin,:izcd. and st ane lime was cenainly exaggerated by evolutionary bivlogists,
but it may remain valif to a limited extent {Gould, 1977; Konner, 1981 ; Gihson,
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1941, 1983; Parker 2nd Gibson, 1979). As applied Lo the proposed sequence of
psychosacial developmient, it is reasonable 1o hypothesize the oflowing. The
huinan neonete has a severely restricted social repertoire, cansisting sainly ol
expressions of distress that wre probably not, strictly speaking, sucial, Within a
few months the infant is copable of cogapging adults in compelling social interac.
tions, utilizing **wired-in"’ ritvalized motor patieras, notably the social snule.
Smiling as a social displyy may be (unctionally similar 1o the social display
behaviors of other animals, including reptiles, which Mact.ean has shown o be
medialed by the basal ganglia (Maclean, 1978, {985), just as emotional smiling
appears to be in humans (Monrad-Krohin, 1924, 1927; Rinn, 1984).

By the end of the first years, at the Intest, social bebavior fuss tahen on a much
mure complex emotional depth, including such phenomena as attachment, tear
ol separation, and fear of strangers. This developmental sequence depends, in
large pant, on the maturation of the major fiber tracts of the limbic system, amnd on
the development of their nuclei of arigin and destination. "Fhis correspomds
clusety to the evolutionary advance represented by the paleomammalian beain m
Maclean’s model, both g1 neuroanatamical and behavioral levels. ta lact, what
MacLean views as the crucial functions of the patecmammalian hrain are exem.
plificd best by the very social capacitics, summarized by s fern attachiment, tal
emerge in the human infant at this lime (Maclean, §985).

Finally, the maturation of higher neocortical and cognitive functions (Gibson,
YR1; Parker and Gibsun, 1979), ullimately including language (Lecours, 1975,
Lecours et ul., 1943), provides s reasonahle correspondence with the phylogene
tic emergence of the neocortex, Mackean's nectammalian brain, superimposing
on the Iwo vlder systems a series of new neurobehavioral functions, bt withoul
clininating or suppressing completely the older functions of the other systemnis.
Thus, the model proposed here, although conceived independently of Macl.can’s
“triune brain®' madel, appears 1o have something in common with it as
recapidation, in part, of the proposed events of phylogeny.

Finally, frem a psychiairic viewpoint, it is inleresting to note that this model in
a sense atiempts what Freud tricd unsuccessfully to do at a much carlier stage in
the history of newroscience - to provide an account of the fixed features of
nevrological development that could be uscd as a basis for the interpretation of
psychosociat development. Freud's theory of libidinal encigy, which he posiu
lated as migrating fronr one patt of 1he central nervous system to anather
according 10 an orderly develepment plan (Freud, 1905), can, it is i be hoped,
soon be replaced hy an accou ol the actval femures of nervous systent develop
ment, as a basis [or the analysis of psychosocial growth.

Summary aod Cooclusions

A number of wniversals of belavior and developmental sequence in infancy
exist that appear to be independent of variations in cultural and envirenmental
context within the normal haman range. These universals may relate the underly-
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mg species-typical sequences of regions] maturation ol the brmn, My¢lination
seyuences, in particular, serve as a useful index ol regional brain maturation s,
with some reservations, are an importaii basis for developing function, The
neurohehavioral status of the neonale is subject to modeling with refercace 1o the
degree of myelination and other aspects of neural developmental status af birth,
In the realny of motor developineat, particutarly with reference (o the maluration
of bipedal watking, enough is known fo give a fairly convincing explanation by
relying on myelination sequences in the curticospinal (ract, the postihalamic
samesthetic radiation, and selected features of the extrapyramidal and cerebellar
systems. Finally, in the realm of psychosocial development, il is possible to
propose a tentative explanation of the two main Iransitions of the first year of
life, the emergence of sucial smiting and the emergence of altachment, by
reference to developmental events indicated by the myelination of the circuitry of
the hasal ganglia and of the limbic systeni, respectively. Further research can be
capecled to expand and improve these mexlels hy providing a broad-hased
assessment of pattemns of regional brain maluration and hy further elucidating,
through clinical aml experimental studies, the ncuroanatomical bases of complex
hehavior.

This model of the development of social behavior in infancy is related to the
evolutionary niodel proposed hy Maclean (1973, 1985) and comnmonly known
as “'the triune brgin.** Interesting parallels are drawn between the major cvents
of psychosocial development in infancy and the phylogenetic sequence of Mac-
Lcan, with the suggestion that ontogeny in this aren of development recapitu-
lites, 1o a limited extent, phylogeny. The mode) also bas the interesting property
ol serving (the function that was meant [ be served by Freud's theory of libidinal
development, hut using known facts of nervous system development instead of
dubious and speculative theory,

It is concluded that the strategy proposed has been successfully pursued, s
that the mexlel outlined has conceptual and heuristic value. Further research will
undoubtedly improve the model by broadening the base for generalization aboul
regional hrain maturation and by elucidating the neuroanatonrical bases of
conuplex behavior, '
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Notes

I. This uniformity also applies to several hundied other brains in the Yabovlev
collection with specific neurnpathological abnormalities. o

2. The method is exteemely expensive md cenidered prohibitive fur nost purposes
today. Thus the Yakoviev Collection, located at the Armed I-'urcf:sl Institute of I'athobogy
in Washington, [).C., remains 1 wajor resaurce lor studies requiring whole hrau} recon-
struction, whether Tor tracking of loug fiber iracts, supplying the barges contert of a fovus
of interest, or other reasans. Many lavther studies on this same material are possible. An
up-to-date and independent reappraisal of the method and the current status und potentsal
of the Collection is given by Krcischimann et al. (1979).
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